INTRODUCTION
Complement is part of the innate immune system and plays a fundamental role in the clearance of immune complexes and cell debris. The main effector mechanisms of complement activation are induction of inflammatory response and phagocytosis and cell lysis. However, complement activation is a doubleedged sword and has the potential to damage selftissues. In order to avoid self-damage, there is an absolute need for strict control by fluid-phase and membrane-bound regulatory proteins. Thus, an underperforming regulatory system (due to either genetic or acquired abnormalities) can shift the balance between regulation and activation toward the latter and lead to tissue injury in response to otherwise innocuous stimuli. Deposition of both actived complement fragments from plasma in glomeruli and complement locally produced and activated in the kidney may contribute to many kidney disorders, including lupus nephritis, postinfectious glomerulonephritis, membranous nephropathy, antineutrophil cytoplasmic antibody vasculitis, and anti-glomerular basement membrane (anti-GBM) glomerulonephritis. Interest in the complement system has been boosted in the past 15 years by the discovery that rare devastating kidney diseases, including atypical hemolytic uremic syndrome (aHUS) and membranoproliferative glomerulonephritis (MPGN), are disorders of complement regulation. 
Additional Readings
»
THE COMPLEMENT SYSTEM
The complement system is organized in 3 activation pathways (the alternative, classical, and lectin pathways) and a common terminal pathway (Fig 1) . Activation of the 3 pathways leads to the formation of protease complexes (C3 convertases) that cleave C3 into C3a and C3b.
The classical and lectin pathways are triggered by recognition of pathogens or damaged cell surfaces by antibodies and recognition molecules (Fig 1) .
The alternative pathway undergoes constant lowgrade activation in the fluid phase by spontaneous hydrolysis of C3 that, through the formation of the alternative pathway initiation C3 convertase (C3[H 2 O] Bb), is responsible for deposition of a low amount of C3b onto cell surfaces (Fig 1) . C3b deposited on bacterial cells binds receptors on leukocytes and initiates phagocytosis. In addition, C3b binds factor B (CFB) and forms the surface-localized C3 convertase C3bBb, which cleaves additional C3 molecules into C3b and C3a, resulting in a positivefeedback loop. The binding of additional C3b to C3 convertases forms C5 convertases, which cleave C5, producing C5a and C5b. C5a and C3a are potent chemoattractants for phagocytes and induce endothelial activation. C5b together with C6, C7, C8, and C9 form the terminal pathway complex (C5b-9), which leads to cell lysis (Fig 1) .
Self-surfaces are protected from complement damage by a set of regulators (Fig 1) that are either membrane anchored or in the fluid phase. Regulatory proteins prevent formation of the C3 convertases, foster inactivation of C3b (iC3b) by factor I (CFI; cofactor activity), dissociate C3 convertase and C5 convertase (decay acceleration activity), or prevent C5b-9 complex assembly (Figs 1 and 2). Perturbation ATYPICAL HEMOLYTIC UREMIC SYNDROME Hemolytic uremic syndrome (HUS) is a rare disease defined by the triad of nonimmune (Coombs negative) microangiopathic hemolytic anemia, thrombocytopenia, and acute kidney injury. In children, the disease is most commonly associated with infection by Escherichia coli strains that produce Shiga toxins (STEC-HUS; Table 1 ). Approximately 5% of HUS cases in children result from infection by neuroaminidase-producing Streptococcus pneumoniae (pneumococcal-HUS or neuraminidase-associated HUS, usually Coombs positive; Table 1 ).
aHUS has been used to describe those rare cases (,10%) in which infections by Shiga toxin-producing bacteria or S pneumoniae or other secondary causes Bold text denotes complement-regulatory molecules; red text, proteins with genetic defects that have been associated with atypical hemolytic uremic syndrome (aHUS) and/or membranoproliferative glomerulopathy (MPGN)/C3 glomerulopathy (C3G). Abbreviations and definitions: C3(H 2 O)Bb, alternative pathway initiation convertase; C1inh, C1 inhibitor (inactivates C1r and C1s, MASP-1, and MASP-2); FB, complement factor B; FD, complement factor D; FH, complement factor H (binds C3b, exerts cofactor activity for FI-mediated C3b cleavage, prevents the formation of the alternative pathway C3 convertase, and destabilizes (decay accelerating activity) the alternative pathway C3 and C5 convertases); C4BP, C4b-binding protein (binds to C4b and has decay accelerating activity for the classical pathway C3 convertase and cofactor activity for FI-mediated C4b cleavage); CD59, protectin (with vitronectin and clusterin, prevents C5b-9 formation); CR1, complement receptor 1 (has decay accelerating activity as well as cofactor activity for FI-mediated C3b and C4b cleavage); DAF, decay accelerating factor (has decay accelerating activity on C3/C5 convertases of the classical and alternative pathways); FI, complement factor I (degrades C3b and C4b, aided by cofactors); Ig, immunoglobulin; MASP, MBL-associated serine proteases; MBL, mannose binding lectin; MCP, membrane cofactor protein (exerts cofactor activity for FI-mediated C3b cleavage); P, properdin. (Table 1) can be excluded. aHUS is an extremely rare disease. The annual incidence is about 0.5 to 2 per million adults and 3.3 per million children or adolescents.
A differential diagnosis among the different forms of HUS is often not feasible based only on age of onset or clinical symptoms. In infants younger than 6 months, complement-mediated aHUS is most Figure 2 . Model for the mechanisms leading from impaired regulation of the alternative pathway to hemolytic uremic syndrome (HUS). (A) Pathway in unaffected individuals. Factor H (FH) binds to the glycosaminoglycans and to C3b on endothelial surface and prevents the interaction of C3b with factor B (FB) to form the alternative pathway C3 convertase. In addition, together with membrane cofactor protein (MCP), FH acts as cofactor for factor I (FI)-mediated cleavage of C3b. FH also dissociates the C3 convertase of the alternative pathway (not shown). Thrombomodulin (THBD) enhances FI-mediated inactivation of C3b in the presence of FH. (B) Pathway in patients with mutations in complement regulatory genes for FH, MCP, FI, and THBD (loss-of-function mutants are indicated with dashed lines). C3b is not degraded efficiently and forms the C3 and C5 convertases of the alternative pathway. C5b initiates assembly of the terminal complement complex (C5b-9), leading (together with C5a) to cell injury and activation, with exocytosis of adhesion molecules (P-selectin) and von Willebrand factor (VWF), which favor platelet adhesion and aggregation, and expression of tissue factor, which activates coagulation. Subsequent cell detachment exposes the subendothelial matrix, followed by VWF binding to collagen, which amplifies the prothrombotic state. Aggregated platelets release procoagulant microvesicles (PMV) containing tissue factor, which facilitate assembly of clotting enzymes. A similar picture applies to patients with gain-of-function mutations in FB and C3 (indicated with thick lines). Mutant C3b does not bind FH and MCP and is resistant to degradation by FI. Both mutant C3 and mutant FB form a superconvertase that is resistant to dissociation by surface complement regulators. Abbreviations: aHUS, atypical HUS; GAG, glycosaminoglycans.
common, but pneumococcal-HUS may also occur. STEC-HUS largely predominates in infants and children from 6 months to 5 years, but may occur at any age. The presence of diarrhea, a characteristic symptom of STEC-HUS, cannot be used to differentiate between STEC-HUS and aHUS because w30% of patients with aHUS experience diarrhea, often bloody. However, microbiological, biochemical, and genetic studies may be of help for differential diagnosis (Fig 3) .
In contrast to STEC-HUS, which is characterized by full recovery in .80% of patients, aHUS presages a poorer prognosis. The majority of patients need dialysis at admission, and until very recently (following the introduction of the anti-C5 monoclonal antibody eculizumab), w50% of patients never recovered kidney function. Mortality after the first episode has been reported to be higher in children than in adults, but progression to end-stage renal disease is more frequent in adults. At 5 years after onset, 48% of children and 67% of adults have died or reached end-stage renal disease. 
Additional Readings

Histologic Features in aHUS
Broadly, 3 types of lesions are seen in patients with aHUS. These lesions are not mutually exclusive and all involve glomerular injury. In the most common type, glomerular thrombotic microangiopathy (TMA), glomerular capillary walls are thickened with widening of the subendothelial space. Endothelial cells may appear swollen, obstructing the capillary, or detached from the basement membrane. These lesions are mainly observed in glomerular capillaries and preglomerular arterioles, whereas larger arteries are only rarely involved. Glomeruli may be enlarged, with capillaries distended by red blood cells and plateletfibrin thrombi that may also be observed in the afferent arterioles (Fig 4A) .
The second type, arterial TMA, also involves arterioles and interlobular arteries. Intimal edema and proliferation, necrosis of the arterial wall, luminal narrowing, and thrombosis are observed (Fig 4B) . Glomeruli appear ischemic and shrunken, with wrinkling of the basement membranes of the collapsed capillaries. Arterial TMA is seen more often in relapsing forms with severe hypertension and is associated with a poor prognosis.
The third lesion type, cortical necrosis, is patchy or rarely diffuse to the whole superficial cortex and is due to the acute cortical ischemia after obstruction of the local microcirculation. This lesion is more common in severe cases of STEC-HUS, but is also observed in aHUS and correlates with chronic kidney disease.
Glomerular deposits of fibrin or fibrinogen are seen by immunofluorescence microscopy. Deposits of complement activation products have also been found along glomerular capillaries and on the endothelium of arterioles and small arteries.
Although in aHUS, by definition, the TMA predominantly affects kidney vessels, the lesion can involve the microvasculature of other organs (heart, intestine, pancreas, lungs, and especially the brain) in w20% of patients. 
Additional Readings
Pathogenesis
Genetic or acquired abnormalities in the complement system have been documented in w60% of patients with aHUS (Table 2) .
CFH Mutations, CFH-CFHR Hybrid Genes, and Anti-CFH Autoantibodies
Complement factor H (CFH) is the most important plasma regulator of the alternative pathway. It is composed of 20 domains called short consensus repeats (SCRs) encoded by 23 exons. The 4 aminoterminal SCRs mediate the complement-regulatory functions of the protein (cofactor activity and decay accelerating activity). Besides regulating complement in the fluid phase, CFH protects host cells by binding through its carboxy-terminal SCRs to polyanions and C3 activation compounds on the cell surface (Fig 2A) . In patients presenting with low platelet count, increased lactate dehydrogenase (LDH), and hemolytic anemia, plasma ADAMTS-13 activity should be measured: if ,10%, this leads to diagnosis of thrombotic thrombocytopenic purpura (TTP). Positive tests for Shiga-toxin-producing bacteria in stools are consistent with a diagnosis of Shiga-like toxin-producing Escherichia coli hemolytic uremic syndrome (STEC-HUS). Diagnosis of atypical HUS (aHUS) is done by exclusion in patients in whom these tests are negative and with no evidence of secondary conditions. When aHUS is suspected, full screening for complement disease-associated abnormalities (complement fac- In 1998, Warwicker and colleagues described for the first time mutations in the CFH gene in aHUS. CFH mutations are the most common genetic abnormalities in aHUS, with a prevalence of 20% to 30% (http://www.FH-HUS.org; Table 2 ). The mutations are of all types: nonsense, missense, and small indels (insertions or deletions). Some patients have homozygous mutations but most are heterozygous. More than 50% of mutations cluster in SCR19-20. Some mutations are associated with a quantitative deficit of CFH, while the majority are associated with normal CFH levels and result in a mutant protein that is unable to bind to and regulate complement at the cell surface (Fig 2B) . These mutants have also been shown to have impaired binding to platelets, resulting in increased complement-mediated platelet activation and release of tissue factorexpressing microvesicles. Plasma C3 is decreased in 30% to 50% of patients with heterozygous CFH mutations.
CFH is in close proximity to the genes CFHR1 to CFHR5, which encode 5 CFH-related proteins. CFH and the CFHR genes share a high degree of sequence identity. This homology predisposes to gene conversion and genomic rearrangements due to nonallelic homologous recombination and microhomologymediated end joining. The most common rearrangement results in a hybrid gene comprising the first 21 CFH exons and the last 2 CFHR1 exons. Another hybrid gene consisting of the first 22 CFH exons and the last 5 CFHR3 exons has been reported in aHUS. More recently, a novel nonallelic homologous recombination event that forms a reverse hybrid gene consisting of the first 5 exons of CFHR1 and the last exon of CFH has been reported in 2 patients with familial aHUS. Overall, hybrid genes account for 3% to 5% of patients with aHUS (Table 2 ) and result in gene products with decreased complement-regulatory activity on endothelial surfaces.
An acquired CFH defect due to anti-CFH immunoglobulin G (IgG) autoantibodies accounts for 5% to 10% and 25% to 50% of adult and pediatric aHUS cases, respectively (Table 2) . Ninety percent of patients with anti-CFH antibodies have a complete deficiency of CFHR1 and CFHR3 associated with a homozygous deletion of CFHR1 and CFHR3, a polymorphism also observed in 4% of healthy individuals of European ancestry who do not develop anti-CFH antibodies. In more recent studies, some patients with aHUS with CFHR1 deficiency resulting from CFHR1 mutations or from a deletion including CFHR1 and CFHR4 have been reported to develop anti-CFH antibodies. This may suggest that CFHR1 deficiency is the predominant predisposing factor for autoantibodies (Table 2) .
Epitope mapping initially suggested that the anti-CFH antibodies bound predominantly to SCR19-20; however, it recently has been reported that the antibody response is polyclonal, involving multiple epitopes throughout CFH. Cross-reactivity with CFHR1 and CFHR2 has also been reported. Functional consequences of anti-CFH antibodies include reduced CFH binding to C3b and other C3 fragments and perturbed CFH-mediated cell-surface protection. C3 levels are decreased in 40% to 60% of patients with anti-CFH antibodies. Onset of the disease before 1 to 2 years of age.
Membrane Cofactor Protein Mutations
Membrane cofactor protein (MCP) is a surface complement regulator that exerts cofactor activity for the cleavage of C3b and C4b by CFI (Fig 2A) . The association between mutations in the MCP gene (CD46) and aHUS were first described by Noris et al and Richards et al in 2003. MCP gene mutations account for 8% to 10% of cases, and most are heterozygous (http://www.FH-HUS.org; Table 2 ). The majority cluster in SCR1 to 4, which are extracellular domains critical for regulation. Most patients (w75%) have decreased MCP expression on peripheral leukocytes. Less frequently, MCP expression is normal, but the mutant proteins bind C3b weakly and have low cofactor activity. C3 levels in patients with mutant forms of MCP are most often normal, an expected finding because MCP alterations result in local surface complement activation, with no substantial effect in the fluid phase ( Fig 2B) .
CFI Mutations
CFI is a serum serine protease that cleaves C3b and C4b in the presence of its cofactors. CFI mutations were first described in 2004 and account for 4% to 8% of patients with aHUS (Table 2 ). Eighty percent of mutations cluster in the serine protease domain. Approximately 50% block protein secretion; some mutants are secreted but have dysfunctional proteolytic activity with altered degradation of C3b/C4b in the fluid phase and on cell surfaces (Fig 2B) . C3 levels can be decreased (in 20%-30% of patients).
Mutations in the Alternative Pathway C3 Convertase Components
Heterozygous gain-of-function mutations affecting genes encoding the alternative pathway C3 convertase components CFB and C3 were first described in 2007 and 2008, respectively. C3 mutations have been found in 4% to 8% of patients with aHUS (Table 2) . Most C3 mutations induce a defect in the ability of complement regulators (in particular MCP) to bind to C3b, preventing its cleavage to iC3b (Table 2 ; Fig  2B) . More recent studies described 2 C3 mutants that bind CFB with higher affinity, resulting in a more stable C3 convertase complex. C3 mutations result in increased complement activation on glomerular endothelium and platelets. Serum C3 levels are low in w70% of patients.
Mutations in CFB are rare (1%-4% of patients with aHUS; Table 2 ). These mutations result in a "super-B," which forms a hyperactive C3 convertase that is resistant to decay by complement regulators (Table 2 ; Fig 2B) , with enhanced complement activation at endothelial cell surfaces. However, a more recent functional study revealed that 9 of 15 CFB genetic changes identified in patients with aHUS lead to a normal C3 convertase in vitro. Patients with CFB mutations experience ongoing activation of the alternative pathway and usually have very low C3 levels.
Thrombomodulin Mutations Thrombomodulin (THBD) is an endothelial glycoprotein that favors the thrombin-mediated activation of both protein C and TAFI, the thrombin-activatable fibrinolysis inhibitor responsible for inactivating C3a and C5a. THBD has also been shown to downregulate the alternative pathway by amplifying CFH cofactor activity (Fig 2A) .
Heterozygous mutations in THBD were first reported in 2009 and have been found in 3% to 4% of patients with aHUS (Table 2 ). Cells expressing these mutants inactivate C3b and activate TAFI less efficiently than cells expressing wild-type THBD. These data document a functional link between complement and coagulation. C3 levels are decreased in half the patients with THBD mutations.
Combined Complement Abnormalities and Susceptibility Factors
Mutations in more than 1 complement gene have been reported in a few patients. In a report from 4 European cohorts, 27 of 795 (3.4%) patients with aHUS had combined mutations. Of note, only 8% to 10% of patients with CFH, C3, or CFB mutations also had a mutation in other genes. These data indicate that CFH, C3, or CFB mutations alone may be enough to cause aHUS. By contrast, about a quarter of patients with a CD46 (MCP) or CFI mutation had a second or third mutation in other complement genes. Thus, screening of all known disease-associated genes is recommended in patients with aHUS.
A number of single-nucleotide polymorphisms (SNPs; polymorphisms are defined as genetic changes with .1% frequency in ethnically matched control groups) have been associated with aHUS. The CFH haplotype H3 (Table 3 ) increases the risk of aHUS 2-to 4-fold. Functional studies have documented that one of the polymorphisms within this haplotype, a variant in which there is a valine at amino acid 62, leads to slightly decreased cofactor activity compared with proteins in which isoleucine is at this position. The MCP2 haplotype of MCP (Table 3) has been associated with a 2-to 3-fold increased risk of aHUS. In reporter gene studies, this haplotype reduced transcriptional activity by 25%. A CFHR1 polymorphism (CFHR1*B) is strongly associated with aHUS in the homozygous state (Table 3) . Because CFHR1*B renders SCR3 of CFHR1 identical to SCR18 of CFH, it has been suggested that CFHR1*B variant may compete with CFH at the glomerular endothelium, thus impairing complement regulation.
Diacylglycerol Kinase ε Mutations
In 2013, homozygous or compound heterozygous mutations in the gene encoding diacylglycerol kinase ε (DGKE) were reported to cosegregate with aHUS in 9 unrelated kindreds (Table 2) . Mutation carriers who presented with aHUS before 1 year of age had persistent hypertension, hematuria, and proteinuria and developed chronic kidney disease with age. DGKE is expressed in endothelium, platelets, and podocytes. It is apparently unrelated to the complement cascade, and a very recent study has documented that DGKE silencing in human cultured endothelial cells induces a proinflammatory and prothrombotic phenotype, increases endothelial apoptosis, and impairs migration and angiogenesis. DGKE knockdown is reported to decrease the expression of the complement regulator MCP on endothelial cells, but does not induce complement deposition.
Nevertheless, there is some evidence for a connection between DGKE and complement systems. In a family with 2 affected children, one child had a lowerthan-normal C3 level at onset. In addition, DGKE mutations combined with mutations in THBD or C3 have been reported in children with severe aHUS who responded to anticomplement therapy. These observations suggest that in patients with DGKE mutations, complement gene mutations play a role in determining aHUS severity and therapeutic response. Gain-of-function mutations in complement factor B are Restricted Cell-Surface Complement Activation in aHUS Causes Microvascular Thrombosis aHUS-associated mutant forms of CFH, MCP, CFI, and THBD cannot fully regulate the alternative pathway on host cells, resulting in C3 and C5b-9 deposition on cell surfaces (Fig 2B) . By contrast, aHUS-associated mutant proteins effectively regulate complement in the fluid phase, which would explain the normal or near-normal circulating C3 levels in many mutation carriers. Gain-of-function mutations of CFB and C3 form a C3 convertase resistant to decay by endothelial cell regulators. In an ex vivo test, we documented that serum from patients with aHUS induced intense C5b-9 deposition on cultured endothelial cells; this occurred in 100% of patient samples tested, independent of the type of mutation and the gene involved. Such data confirm that local complement activation on endothelial cells rather than in fluid phase plays a pathogenetic role in aHUS. Of note, sera from patients without identified mutations also induce C5b-9 endothelial deposits, indicating that there are still unrecognized genetic or acquired complement abnormalities leading to aHUS.
Additional Readings
Besides its well-known lytic effect, C5b-9 can mediate endothelial cell injury and dysfunction by many mechanisms. Sublytic C5b-9 induces secretion of multimers of von Willebrand factor, stimulates prothrombinase and tissue factor activity, and upregulates adhesion molecules, which generate a prothrombotic endothelial cell surface that activates platelets and fibrin deposition (Fig 2B) . Furthermore, C5b-9 induces cell retraction, exposing the underlying prothrombotic matrix, and can directly activate platelets. The pathogenetic role of C5b-9 and the other C5 activation products in aHUS was eventually confirmed by clinical trials showing that the monoclonal antibody eculizumab, through blockade of C5 cleavage, protects against microvascular thrombosis and radically improves the outcome of patients with aHUS. 
Incomplete Penetrance and Triggering Factors
Penetrance of aHUS has been found to be w50% for individuals who carry complement gene mutations. Thus, it can be inferred that although the genetic alterations are important, they are not sufficient to cause aHUS. As discussed previously, patients may carry mutations in multiple genes or have both genetic abnormalities and autoantibodies; in addition, they may carry a mutation in combination with common at-risk genetic variants in CFH or MCP. In family studies, it has been observed that the penetrance of aHUS increases as the number of alterations increases in a given individual. Even in individuals with multiple genetic/acquired risk factors, aHUS may not occur until adulthood, indicating that a triggering event that activates the alternative pathway is required for disease manifestation in genetically susceptible individuals (the multiple hits theory). 
Additional Readings
HUS ASSOCIATED WITH COBALAMIN DEFICIENCY
A rare autosomal recessive form of HUS results from mutations in the MMACHC gene, which is involved in cobalamin C metabolism ( Table 1 ). The biochemical characteristics are hyperhomocysteinemia and methylmalonic aciduria. Patients generally present within days or months of birth with symptoms of failure to thrive, poor feeding, and vomiting. This is followed by rapid deterioration, caused by metabolic acidosis, gastrointestinal bleeding, hemolytic anemia, thrombocytopenia, severe respiratory and liver failure, and decreased kidney function. It has been suggested that the marked elevation in homocysteine level may contribute to the pathogenesis of the vascular lesions. 
Additional Reading
SECONDARY FORMS OF HUS
A variety of conditions have been reported in association with HUS, including viral (HIV [human immunodeficiency virus] and H1N1 influenza A), parasitic, and other bacterial infections; oral contraceptives; calcineurin inhibitors; illicit drugs; cancer chemotherapy and ionizing radiation; malignant hypertension; bone marrow or solid-organ transplantation; autoimmune disorders; malignancy; pregnancy; and HELLP (hemolysis, elevated liver enzymes, and low platelets) syndrome. These forms are called secondary HUS (Table 1) , although this classification does not account for the evidence that some of these conditions often act as a trigger of aHUS in individuals who have a genetic background predisposing to complement activation. For instance, a substantial proportion of HUS cases occurring during pregnancy, postpartum, or de novo in the kidney transplant have been found to be associated with complement gene mutations. Along with this, triggering or underlying clinical conditions have been reported in up to 70% of patients with complement gene mutations, providing evidence that disease development requires both a genetic predisposition and a triggering event. 
Additional Reading
MEMBRANOPROLIFERATIVE GLOMERULONEPHRITIS
MPGN is an uncommon cause of chronic proteinuric nephropathy (the incidence is w5 per million persons per year) that may be primary or secondary to hepatitis C virus and other infections, autoimmune diseases, and malignancies. The onset of MPGN can occur from childhood to late adulthood. The clinical presentation is variable and ranges from asymptomatic hematuria and proteinuria to acute nephritic syndrome, nephrotic syndrome, chronic kidney disease, or even rapidly progressing glomerulonephritis resulting in end-stage renal disease.
The high variability of clinical presentation and course is likely caused by differences in the pathogenesis of the disease, the histologic lesion in the kidney, and the timing of the diagnosis (that is based on kidney biopsy) relative to the clinical course. 
Additional Readings
Histologic Features and Classification
MPGN is characterized by mesangial hypercellularity and matrix expansion, with thickening of glomerular capillaries (with the formation of double contours), interposition of leukocytes and mesangial cells, and synthesis of new GBM resulting in lobular accentuation of glomerular tufts. This pattern of injury results from deposition of immune complexes and/or complement factors in the glomerular mesangium and along the glomerular capillary walls and is easily recognized by light and immunofluorescence microscopy.
Traditionally, on the basis of electron microscopy findings, MPGN was classified as type I, with subendothelial electron-dense deposits; type II (also called dense deposit disease [DDD]), with intramembranous highly electron-dense deposits; and type III, with both subendothelial and subepithelial deposits. These categories had limited prognostic value because of their complexity and the occurrence of features suggestive of more than 1 type in the same biopsy samples.
A new classification based on the pathogenesis and composition of glomerular deposits as analyzed by immunofluorescence microscopy has been proposed. MPGN associated with substantial immunoglobulin deposits has been termed immune-complex-mediated MPGN and is commonly associated with chronic infections or autoimmune diseases (Fig 5) . In these secondary forms, careful characterization of deposits can often help identify the underlying cause. Deposits of IgM, IgG, C3, and k and l light chains are typically found in MPGN associated with hepatitis C virus infection. Multiple immunoglobulins and complement proteins (IgG, IgM, IgA, C1q, C3, and k and l light chains) are also observed in MPGN associated with autoimmune diseases. However, monotypic immunoglobulin with k and l light chain restriction is observed in MPGN associated with monoclonal gammopathy. Immune-complex-mediated MPGN has been considered to include most cases of MPGN types I and III according to the older classification, with electron microscopy typically revealing mesangial and subendothelial deposits and, in some cases, intramembranous and subepithelial deposits.
MPGN cases that present clear glomerular C3 staining with absent or scanty immunoglobulins are considered complement-mediated MPGN and are referred to as C3Gs (Fig 5) . C3G is less common than immune-complex-mediated MPGN, has a prevalence of about 1-2 cases per million inhabitants, and is further divided on the basis of the quality of the deposits seen in glomeruli on electron microscopy (Fig 5) . DDD is diagnosed in cases with distinctive highly electron-dense osmiophilic deposits that are typically found within the GBM. These deposits extend along the central part of the GBM, but may also involve the subendothelial and subepithelial region. Globular deposits appear in the mesangium and in about half the patients with DDD, are also seen in Bowman capsule and the tubular basement membrane (Fig 6A) .
Cases of C3G that lack the electron-dense deposits of DDD are called C3 glomerulonephritis. In C3 glomerulonephritis, deposits have subendothelial and sometimes subepithelial and intramembranous localization (Fig 6B) , morphologic characteristics likely resembling MPGN types I and III. Thus, with the exception of DDD, electron microscopy cannot distinguish between immune-complex-mediated MPGN and C3G.
However, immunofluorescence microscopy cannot always confirm a diagnosis because immunoglobulins may be present in glomeruli of patients with C3G. Small amounts of immunoglobulin may become trapped in areas of sclerosis or in podocytes of patients with proteinuric glomerular diseases, and about onethird of patients with DDD have glomerular IgG staining. Thus, a subsequent broader classification of C3G proposed by a recent consensus report suggested including all cases that have dominant immunofluorescence microscopy staining of C3 of 2 or more orders of magnitude greater than any other immune reactants (using a scale of 0-3). Even with this broader classification, a substantial proportion (20%) of patients with DDD would not be classified as having C3G. Conversely, isolated staining for C3 on immunofluorescence microscopy may be observed in cases of postinfectious glomerulonephritis. Therefore, the issue of MPGN classification has not yet been fully resolved. 
Additional Readings
Pathophysiology of Immune-Complex-Mediated MPGN
Infectious Causes of Complement Activation
Most cases of immune-complex-mediated MPGN in the adult population are attributable to chronic viral infections such as those due to hepatitis B or C virus. Chronic bacterial infections, like those caused by staphylococcus, Mycobacterium tuberculosis, and streptococci, and protozoal diseases, such as malaria and schistosomiasis, are also associated with MPGN, particularly in developing countries.
These conditions are characterized by persistent antigenemia and the formation of antigen-antibody immune complexes. It is generally accepted that immune complexes initiate the classical pathway of complement by activating C1, which triggers formation of the C3 convertase of the classical pathway, resulting in deposition of immune complexes and C3 activation fragments in the glomerulus, and finally to the generation of the terminal C5b-9 complex. This phase is followed by an influx of leukocytes, favored by formation of the C3a and C5a anaphylatoxins, that damages capillary walls by the release of cytokines and proteases, leading to proteinuria and hematuria. As a reparative reaction, new basement membrane is then formed, which is associated with entrapment of immune complexes, complement products, and cell debris.
Autoimmune Causes of Complement Activation MPGN can also be triggered by circulating immune complexes associated with autoimmune diseases such as systemic lupus erythematosus, mixed cryoglobulinemia, Sjögren syndrome, mixed cryoglobulinemia, and scleroderma. Immune complexes activate the classical complement pathway and initiate the same cascade of events observed in MPGN forms secondary to chronic infections.
Complement Activation by Monoclonal Immunoglobulins MPGN can be associated with deposition of monoclonal immunoglobulins, which may occur in the setting of monoclonal gammopathy of undetermined significance, chronic lymphocytic leukemia, low-grade B-cell lymphoma, and multiple myeloma. Monoclonal gammopathies are associated with complement activation. The mechanism underlying this effect is poorly understood, but likely involves activation of the alternative pathway by the aberrant immunoglobulin. Of note, monoclonal l light chains from a patient with DDD have been reported to activate the alternative pathway directly through an interaction with CFH. 
Additional Readings
Pathophysiology of C3G
Hyperactivation of the alternative pathway of complement has been proposed as a primary cause of C3G and may be associated with autoantibodies like the C3 nephritic factors (C3Nefs) or with defects in genes encoding complement proteins and regulators.
However, the distinction between immunecomplex-mediated MPGN and C3G as diseases of classical and alternative pathway activation has been recently questioned by the observation that alternative pathway abnormalities with low C3, C3Nef, and/or mutations in complement genes are present as frequently in patients with immune-complexmediated MPGN as in those with C3G. These findings indicate that the 2 diseases may show more commonality than previously recognized, with dysregulation of the alternative pathway playing a primary pathogenetic role. This possibility is further supported by reports of immune-complex-mediated MPGN associated with complete CFH deficiency. It has been hypothesized that in predisposed individuals with genetic or acquired complement alternative pathway dysregulation, immune complex deposition initially triggers the classical pathway and then chronic complement activation and kidney injury is sustained through the alternative pathway.
Autoimmune Alternative Pathway Abnormalities Upregulated activity of the complement alternative pathway can be caused by autoantibodies targeted at either C3 convertase or its components or at regulatory proteins. The first described autoantibody was C3Nef, which binds to a neoepitope on the C3 convertase of the alternative pathway component C3bBb, stabilizing it against CFH-mediated decay and prolonging its C3 cleaving action (Fig 7) . A second type of C3Nef was found to display slower C3 activation and dependence on properdin for convertase stabilization. Properdin-independent C3Nefs have been found to have no effect on C5 cleavage and terminal pathway activity, whereas properdin-dependent C3Nef enhances C5 convertase activity. C3Nefs are found in .80% of patients with DDD and 40% to 50% of patients with C3 glomerulonephritis or immune-complex-mediated MPGN. However, in most studies, the presence of C3Nefs has not been Alternative pathway activation (tick-over, bacteria, viruses)
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Endothelial cell sC5b-9 sC5b-9 Figure 7 . Model for mechanisms leading from fluid-phase impaired regulation of the alternative pathway to C3 glomerulopathies. Mutations in the factor H (FH) gene causing very low FH levels or impaired FH cofactor activity, or C3 nephritic factor (C3NeF) and C3 gain-of-function mutations that render the alternative pathway C3 convertase resistant to FH-mediated dissociation; all result in uncontrolled fluid-phase alternative pathway activation and finally in the formation of the fluid-phase terminal complement pathway complex (with vitronectin or clusterin bound; sC5b-9). The injury likely develops upon deposition in the subendothelial space of C3 activating products and the terminal complement complex after transfer through the fenestrated endothelium (dashed line). Abbreviations: FB, factor B; FI, factor I; MCP, membrane cofactor protein.
found to correlate with disease outcome. In a family with MPGN and partial lipodystrophy, C3Nef was detected in all members with lipodystrophy but did not segregate with the renal phenotype. In addition, C3NeFs have been also found in patients with meningococcal meningitis, lupus nephritis, and even healthy individuals and asymptomatic family members of patients with DDD, indicating that the presence of C3NeFs alone is not sufficient for the development of C3G. Whether C3Nefs are the primary causes of the disease or are secondarily formed as consequences of the disease process is still unclear. Additional studies are needed to define the significance of C3NeFs in the pathophysiology of immune-complex-mediated MPGN and C3G and their relationship to disease course and treatment.
Autoantibodies that bind to native CFB and stabilize the alternative pathway C3 convertase, or target both CFB and C3b, have been described in patients with DDD. Anti-CFH autoantibodies have been identified in a few patients with immune-complexmediated MPGN, DDD, and C3 glomerulonephritis. Of note, the autoantibodies bind predominantly to the amino-terminal complement regulatory domain of CFH, in contrast to aHUS-associated autoantibodies, which mostly bind the CFH carboxy-terminal surface recognition domain. Altogether, both C3Nef and autoantibodies against either C3 convertase components or CFH stabilize the convertase and prolong its halflife, preventing its dissociation and degradation and thereby resulting in uncontrolled alternative pathway activation in the fluid phase (Fig 7) .
Genetic Alternative Pathway Abnormalities
The reports of familial cases of C3G and immunecomplex-mediated MPGN (MPGN types I and III) indicate a genetic basis of the diseases, although the genetic defect has been characterized in only a minority of patients.
Homozygous nonsense and missense CFH mutations, causing either premature truncation of the protein or impaired protein secretion, respectively, have been reported in a few familial cases of autosomal recessive DDD or C3 glomerulonephritis and are associated with very low or undetectable CFH plasma levels. Homozygous carriers present with kidney disease during infancy and have very low serum C3, CFB, and C5 levels, consistent with massive fluidphase alternative pathway activation. In 2 young daughters with C3 glomerulonephritis from consanguineous Turkish parents, a homozygous CFH mutation caused a deletion of the lysine at amino acid 224 (in SCR4). These patients had very low C3 levels but only slightly reduced CFH levels. Functional studies revealed that the mutation produces a circulating CFH protein with impaired binding to C3b and defective decay accelerating and cofactor activities, while its cell-binding activity is unaffected. Thus, this mutation recapitulates the condition of dysregulated alternative pathway fluid-phase activation observed in patients with complete CFH deficiency.
A C3 gain-of-function heterozygous mutation leading to a 2-amino-acid deletion has been reported in a mother and her 2 identical twin boys, all with DDD. This C3 mutant is resistant to cleavage by C3 convertase and therefore cannot form activated C3b. However, it forms the alternative pathway initiation C3 convertase (C3[H 2 O]Bb; Fig 1) through the normal "tick-over" process. This convertase is capable of cleaving circulating wild-type C3 produced from the normal allele, but is resistant to CFHmediated regulation, resulting in a dominant gain-offunction effect of the mutation. Importantly, decay of the mutant C3 convertase by the surface regulator decay accelerating factor and MCP cofactor activity for CFH-mediated C3b cleavage are not affected by the C3 mutation, providing evidence that DDD in this family results from alternative pathway dysregulation restricted to the fluid phase.
As a consequence of all the underlying abnormalities reported, dysregulation of the alternative pathway results in massive formation of complement products in the circulation (Fig 7) , such as C3b and C5b-9, which are delivered indiscriminately to endothelial surfaces, including glomeruli. The transfer of these complement products and debris through the fenestrated endothelium to subendothelial region and the mesangium triggers glomerular inflammation and leads to MPGN (Fig 7) . This scenario appears different from that associated with complement gene mutations or anti-CFH autoantibodies in aHUS, characterized by surface-restricted complement dysregulation. The paradigm of the distinct pathogenetic mechanisms of complement activation (cell surface vs fluid phase) leading to aHUS versus MPGN has been recently thrown into question by a number of findings. A heterozygous nonhomologous allelic recombination in the CFHR5 gene leading to internal duplication of the initial 2 amino-terminal repeats of CFHR5 (CFHR5 1212 ) has been detected in 2 families with autosomal dominant C3G from the Troodos Mountains of Cyprus; this disease was called CFHR5 nephropathy. A total of 91 carriers of the same founder mutation from 16 apparently unrelated Greek-Cypriot families was later reported, with disease penetrance of 90%. Of note, some carriers had a previous diagnosis of MPGN type I. The same abnormally large CFHR5 1212 protein was found in association with C3 glomerulonephritis in a family without Cypriot ancestry. However, the mutant protein derived from a genomic rearrangement distinct from that seen in Cypriot CFHR5 nephropathy. Another genomic duplication, in this case affecting the CFHR1 gene, results in internal duplication of the first 4 amino-terminal domains of CFHR1 (CFHR1 1414 ) and segregates with C3G in a pedigree with autosomal dominant transmission. CFHR1 to CFHR5 circulate in plasma as homo-and heterooligomeric complexes formed by interactions of their conserved amino-terminal domains. CFHR1 to CFHR5 homo-and hetero-oligomers can compete with CFH for binding to C3b and other C3 activation fragments. In mutant CFHR5 1212 and CFHR1
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1414
, the dimerization motifs are duplicated, which results in the formation of large multimeric complexes that exhibit increased affinity for surface-bound C3b and exert enhanced competition with CFH.
However, why did these patients develop C3G and not aHUS? It has been hypothesized that while CFH mutations and CFH/CFHR genomic rearrangements associated with aHUS impair binding of CFH to most self-surfaces, C3G-associated mutant CFHRs compete with CFH for binding to only a subset of self-surfaces, but not to endothelial cell surfaces. Of relevance, the mutant duplicated CFHR5 1212 interacts more with GBM-bound C3 than does wild-type CFHR5. It has been suggested that there is continuous activation of C3 along the GBM (spontaneous, following a trigger, or both) that in normal conditions is controlled by CFH. In the presence of abnormal CFHR proteins, competition with CFH enables C3 to accumulate along the GBM, causing accumulation of C3 activation products and C3G. In addition, hybrid genes (including CFHR3-1, which encodes a fusion protein with the first 2 SCRs from CFHR3 and all 5 SCRs of CFHR1 [CFHR3 12 -CFHR1]), and a CFHR2/CFHR5 hybrid gene (encoding the first 2 SCRs of CFHR2 and all 9 SCRs of CFHR5 [CFHR2 12 -CFHR5]) have been reported in affected individuals of a family with autosomal dominant C3 glomerulonephritis (previously classified as MPGN type III) and a family with autosomal dominant DDD, respectively. The hybrid CFHR3 12 -CFHR1 and CFHR2 12 -CFHR5 proteins can compete with CFH for C3b binding and are able to deregulate CFH function and activate the alternative pathway C3 convertase both at the cell-surface level and in plasma.
Furthermore, in a series of patients with immunecomplex-mediated MPGN and C3G, heterozygous mutations in the CFH, CFI, and MCP genes have been described in gene areas previously identified in patients with aHUS, and conversely, mutations affecting the CFH amino terminus and leading to defective regulation both in the fluid phase and at the cell surface have been reported in patients with aHUS.
Finally, a homozygous mutation in CFH associated with undetectable circulating CFH levels has been documented in a patient who first developed C3G and later aHUS. Conversely, 2 children with CFH deficiency and aHUS have been reported to develop C3G after kidney transplantation.
Altogether, these observations are suggestive of a pathogenetic link between C3G, MPGN, and aHUS. 
Incomplete Penetrance and Predisposing Factors
Complement gene mutations or rearrangements have been identified in only w20% of patients with immune-complex-mediated MPGN or C3G. In addition, the diseases do not develop in all mutation carriers in high-risk families, indicating that gene mutations are predisposing factors and additional genetic factors and environmental triggers are required to induce the disease and determine the phenotype.
Beside mutations, certain polymorphic variants have also been linked to immune-complex-mediated MPGN or C3G. Among these, the Y402H variant of CFH (Table 3) , which displays reduced binding and complement regulation at cell surfaces, is overrepresented in patients with DDD, but no significant association has been detected with immune-complexmediated MPGN and C3 glomerulonephritis.
However, a significant association has been found between immune-complex-mediated MPGN and C3 glomerulonephritis and 1 SNP (c.-652A.G; Table 3 ) located in the MCP promoter, with the G variant under-represented in patients with immune-complexmediated MPGN and C3 glomerulonephritis. Finally, 2 C3 SNPs (R102G and P314L; Table 3 ) have been associated with risk of DDD. Of relevance, in functional studies, the R102G variant activates the alternative pathway more efficiently than the wild-type protein. The likelihood of developing DDD increases with the presence of 2 or more risk alleles in CFH and C3. There have been previous reports not only of atrisk haplotypes combining multiple SNPs in the CFH, MCP, and C3 genes, but also of protective haplotypes related to the CFH and MCP genes (Table 3) .
Notably, all the mentioned gene variants and haplotypes are different from those associated with aHUS. It has been proposed that specific combinations of risk and protective variants in alternative pathway genes, called complotypes, contribute to set levels of alternative pathway activity in plasma or at the cell surface, thereby influencing disease risk and phenotype. However, appropriately designed and powered association studies are required to define specific disease-associated complotypes.
Such studies will be relevant to refine the classification of immune-complex-mediated MPGN and C3G and also to predict response to therapies. 
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Therapeutic Perspectives
Limitation of complement activation is a major goal of current research into the treatment of C3G and immune-complex-mediated MPGN; however, the relative roles of upstream C3 activation products and of the terminal complement complex are still not well understood. At variance with the almost universal response to eculizumab that is observed in aHUS, case reports and a small trial have shown a clinical response (reduction in serum creatinine and/or proteinuria and histopathologic improvement) in some but not all patients with C3G or immune-complexmediated MPGN either in native kidneys or recurring in the kidney transplant. Elevated plasma sC5b-9 levels are reported as a potential marker of responsiveness. A trial comprising a greater number of wellcharacterized patients is warranted to establish the potential role of eculizumab in the treatment of C3G and immune-complex-mediated MPGN. 
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CONCLUSIONS
The last decade has seen great advances in the knowledge of the pathophysiologic role of complement activation in aHUS, immune-complex-mediated MPGN, and C3G and has led to the discovery of an effective therapy, at least in aHUS. However, there are still a number of issues to be addressed.
In aHUS, we need to clarify whether and which secondary forms are related to complement dysregulation. Whether eculizumab should be a life-long treatment or could be safely discontinued in a subgroup of patients with aHUS is another crucial issue in view of the impressively high cost of the drug and the potential side effects. In this regard, the recent identification of a specific test of aHUS serum-induced endothelial complement activation could be of help to monitor disease activity and personalize treatment.
In immune-complex-mediated MPGN and C3G, biomarkers of alternative pathway activation more specific than C3 deposits on immunofluorescence microscopy are needed to better discriminate immune forms that are related to antigen-immune complex reactions in glomeruli from complement-mediated forms associated with alternative pathway activation. The role of C3Nef as a cause or a consequence of the disease process should be clarified. Additional genetic studies are required to clarify the role of complement gene variants in determining disease predisposition. It is likely that a subgroup of patients will benefit from C5 blockade, and biomarkers are required for early identification of potentially eculizumab-responsive patients. However, emerging therapies that target C3 convertase activity will be of major interest in these diseases. Better understanding of the different pathogenetic mechanisms underlying these conditions will help optimize trial design with these agents.
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